The residual levels and migration behavior of volatile substances were detected using HS-GC/MS for acrylonitrile-butadiene-styrene copolymer (ABS) toys, thermoplastic elastomer toys, and rubber toys made from 1,3-butadiene and styrene found on the Japanese market. The maximum residual level of these volatile substances was 2600 μg/g of styrene in ABS toys. In particular, the levels of known carcinogens 1,3-butadiene, benzene, and acrylonitrile are 5.3, 2.5 and 55 μg/g, which are much lower than the EU limit of 0.1%. Furthermore, some volatile substances migrated from ABS toys into water in amounts of 3 -40 ng/mL. Thermoplastic elastomer toys and rubber toys contained these volatile substances at significantly lower levels than ABS toys.
Introduction
Various plastic materials are used in toys for babies such as teethers, rattles, dolls, toy vehicles, educational toys, and animal toys. Among these toy materials, copolymers made from 1,3-butadiene and styrene as the main monomers are widely used. The acrylonitrile-butadiene-styrene copolymer (ABS) is used as hard materials for the bodies of vehicle toys, the shafts of baby teethers and rattles, and so on. On the other hand, thermoplastic elastomers such as styrene-butadiene-styrene block copolymer (SBS), styrene-ethylene-butadiene-styrene block copolymer (SEBS), and rubbers such as styrene-butadiene rubber (SBR) are used as the soft materials of baby teethers or rattle bodies.
ABS is manufactured from 1,3-butadiene, styrene, and acrylonitrile as the main monomers with some substances. Therefore, unreacted monomers such as 1,3-butadiene [1] [2] [3] , styrene [4] [5] [6] , or acrylonitrile [3, 4, 7] are usually detected in ABS products. Furthermore, other volatile substances such as toluene, ethylbenzene, isopropylbenzene, propylbenzene [4, 6] , and 4-vinyl-1-cyclohexene [3, 8] derived from the solvent, impurities, or side reactions are also detected. Furthermore, thermoplastic elastomers such as SBS, SEBS, and styrene rubbers such as SBR are also manufactured from 1,3-butadiene and styrene with other substances, and it is unclear whether unreacted monomers remain or not.
Among these volatile substances, some have been identified as potentially carcinogenic or toxic substances. The International Agency of Research on Cancer (IARC) has classified 1,3-butadiene as a group 1 carcinogen (carcinogenic to humans); styrene, acrylonitrile, ethylbenzene, and 4-viniyl-1-cyclohexene as group 2B carcinogens (possibly carcinogenic to humans); and toluene as a group 3 carcinogen (not classifiable as to its carcinogenicity to humans) [9] . Meanwhile, the EU has classified 1,3-butadiene as a category 1A carcinogen and as a category 1B mutagen and has classified acrylonitrile as a category 1B carcinogen [10] .
Of particular concern is that these substances could be taken orally from chewing toys for babies. Therefore, to ensure the safety of these toys, it is essential to survey the residual levels and migration behavior of the volatile substances in these copolymer toys. However, to the best of our knowledge, only two analyses of the residual levels of these volatile substances in ABS toys have been published [3, 6] . Moreover, there has been no report of the residual levels of these volatile substances in thermoplastic elastomer toys and rubber toys made from 1,3-butadiene and styrene, nor has there been any report on their migration.
In this study, we identified the residual substances and (DCB, special grade, >98%) was purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). The standards and internal standards used in this study are shown in Table 1 . The mixed volatile substance standard stock solutions were prepared at concentrations of 0.5 -50,000 μg/mL in DMA, DCB, and methanol. The mixed internal standard stock solutions were prepared as follows. For the analysis of residual levels of volatile substances in ABS toys, 1,2-butadiene, isobutyronitrile, and p-diethylbenzene were mixed in DMA at 100, 10,000, and 1000 μg/mL. For the analysis of the residual levels of volatile substances in thermoplastic elastomer toys and rubber toys, 1,2-butadiene, isobutyronitrile, and 1,3,5-trimethylbenzene were mixed in DCB at 100, 10,000, and 1000 μg/mL. For the analysis of migration levels of volatile substances, 1,2-butadiene, isobutyronitrile, and p-diethylbenzene were mixed in methanol at 100, 500, and 1000 μg/mL. All standard stock solutions and internal standard stock solutions were kept in storage bottles with a tightly sealed cap (Kanto Chemical Co., Inc., Tokyo, Japan) and stored at −20˚C. . The oven temperature was initially 40˚C for 7 min and was then increased at 20˚C/min to 250˚C, which was held for 5 min. The injection temperature was 200˚C, and the transfer-line temperature was 250˚C. The helium carrier gas was flowed at 1.2 mL/min (constant speed). A split injection mode was used with a ratio of 10:1, and the ion source voltage was 70 eV. Finally, a selected ion monitoring (SIM) mode was used, and the monitored ions are given in Table 1 .
Sample Preparation

Determination of Residual Levels of Volatile Substances
The residual levels of volatile substances in ABS toys were determined using the method reported previously with slight modifications [3] . In brief, each sample (0.5 g) was cut into small pieces, and 5 μL of a mixed internal standard stock solution in DMA and 2.5 mL of DMA were added in a 20-mL HS vial, which was immediately tightly sealed. The vial was stored overnight at room temperature, and after the sample completely dissolved, the vial was analyzed using HS-GC/MS.
Because the thermoplastic elastomer toys and rubber toys did not dissolve in DMA overnight, these toys were dissolved in DCB. Each sample (0.1 g) was cut into small pieces, and 5 μL of the mixed internal standard stock solution in DCB and 2 mL of DCB were added in a 20-mL HS vial, which was immediately tightly sealed. Later, the vial was analyzed using HS-GC/MS. 
Determination of Amount of Migration of
Volatile Substances Each test sample was cut to 1 cm × 1 cm and then placed into a 20-mL HS vial, after which 4 mL of water and 5 μL of the mixed internal standard stock solution in methanol were added. After all solutions were added, the vial was immediately tightly sealed and then set into the HS sampler. The vial was heated at 40˚C for 30 min, and then the HS gas was analyzed using GC/MS.
Calibration Curve and Limit of Quantification
To construct the calibration curves for the determination of the residual levels and amounts of migration of volatile substances, standard solutions were prepared as follows.
For the determination of residual levels of volatile substances in ABS toys, 5 -50 μL quantities of the mixed standard stock solutions in DMA were added to 2.5 mL of DMA in a 20-mL HS vial to obtain the optimal levels for each volatile substance, which ranged from 0.001 to 500 μg/mL. Subsequently, 5 μL of the mixed internal standard stock solution in DMA was added and the vial was immediately tightly sealed.
For the determination of residual levels of volatile substances in thermoplastic elastomer toys and rubber toys, 4 -20 μL quantities of the mixed standard stock solutions in DCB were added to 2.0 mL of DCB in a 20-mL HS vial to obtain the optimal levels for each volatile substance, which ranged from 0.001 to 5 μg/mL. Subsequently, 5 μL of the mixed internal standard stock solution in DCB was added, and the vial was immediately tightly sealed.
For the determination of the amount of migration of volatile substances from ABS toys, 4 -20 μL quantities of the mixed standard stock solutions in methanol were added to 4.0 mL of water in a 20-mL HS vial to obtain the optimal levels, which ranged from 0.5 to 250 ng/mL. Subsequently, 5 μL of the mixed internal standard stock solution in methanol was added, and the vial was immediately tightly sealed.
The prepared standard solutions in the HS vials were analyzed using HS-GC/MS, and the calibration curves were constructed by plotting the peak area ratios for 1,3-butadiene versus 1,2-butadiene, for acrylonitrile versus isobutyronitrile, and for other volatile substances versus p-diethylbenzene or 1,3,5-trimethylbenzene.
The limit of quantification (LOQ) was defined as a signal-to-noise ratio (S/N) for the peak intensity of 10/1 for all volatile substances.
Recovery Tests
To evaluate the accuracy of the method, recovery tests were performed. The mixed standard stock solutions were spiked into two ABS sheets, two thermoplastic elastomer toys, and two styrene rubber toys. The analytes other than styrene and ethylbenzene were spiked at levels equivalent to 0.5 and 2 μg/g, and styrene and ethylbenzene were spiked at levels equivalent to 50 and 200 μg/g in the ABS sheets. All the analytes were spiked at levels equivalent to 0.5 and 2 μg/g in the thermoplastic elastomer and styrene rubber toys.
Results and Discussion
Identification of Residual Volatile Substances
Among all the analyses of ABS toys, thermoplastic elastomer toys, and rubber toys, 14 peaks were detected using HS-GC/MS analysis in scan mode (Figure 1) . Comparison between the mass spectra and retention times corresponding to these 14 peaks and those of the standard substances in the GC/MS database confirmed that the peaks were due to 1,3-butadiene (6.1 min retention time), acrylonitrile (10.7 min), benzene (13.2 min), methylisobutyrate (13. (Figure 2 ). Among these 14 substances, 1,3-butadiene, acrylonitrile, toluene, 4-vinyl-1-cyclohexene, ethylbenzene, styrene, isopropylbenzene, and propylbenzene were detected in ABS products in previous studies [1] [2] [3] [4] [5] [6] [7] [8] . However, this is the first time that benzene, methylisobutyrate, methylmethacrylate, 1-octene, xylene, and α-methylstyrene have been detected in ABS products.
In consideration of the process used to manufacture ABS, we speculate that methylmethacrylate and α-methylstyrene are derived from the monomer and that the benzene and xylene are from the solvent or impurities in the styrene. In addition, we suppose that methylisobutyrate could be generated by a proton-addition reaction with methylmethacrylate, based on its structure. Finally, although the mechanism for the formation of the 1-octene detected in the ABS products is not clear, we assume that it was generated from the reaction of two molecules of 1,3-buadiene.
Determination of Residual Levels of Volatile Substances
Since m-xylene and p-xylene were not separated in the GC/MS analysis, we determined the amount of xylene as the sum of both m-xylene and p-xylene using a p-xylene standard. To assess the linearity, calibration curves were constructed using DMA as the solvent for ABS toys and DCB as the solvent for thermoplastic elastomer and rubber toys. Good linearity was achieved over concentration ranges of 0.005 -10 μg/mL for 1,3-butadiene and acrylonitrile, 0.025 -500 μg/mL for isopropylbenzene, and 0.01 -500 μg/mL for the other volatile substances. The correlation coefficients R 2 for all volatile substances were >0.998. The LOQs for residual volatile substances in ABS toys were estimated to be 0.025 μg/g for 1,3-butadiene and acrylonitrile, 0.13 μg/g for isopropylbenzene, and 0.05 μg/g for the other volatile substances. Furthermore, their LOQs in thermoplastic elastomer and rubber toys were estimated to be 0.1 μg/g for 1,3-butadiene and acrylonitrile, 0.5 μg/g for isopropylbenzene, and 0.2 μg/g for the other volatile substances.
To assess accuracy and precision of the method for determining the residual levels of volatile substances in these toys, recovery tests were performed with three trials ( Table 3 ). The recovery rates of volatile substances in ABS were in the range of 88% -105%, and the relative standard deviation (RSD) values were in the range of 0.3% -6.5%. Meanwhile, the residual levels of methylmethacrylate and 4-vinyl-1-cyclohexene in ABS sheets were 370 μg/g and 110 μg/g, which are much greater than the 0.5 μg/g or 2 μg/g spiking levels. In addition, the standard deviations of the residual levels are larger than the spiking levels described above. These results suggest that it is difficult to assess the recovery of these volatile substances with 0.5 or 2 μg/g spiking levels. However, when volatile substances were spiked at concentrations of 10, 50, and 250 μg/g, the recovery rates and RSD values were all in the range of 97% -104% and 1.2% -4.1%, respectively.
The recovery rates of volatile substances in thermoplastic elastomer toys and rubber toys were in the range of 86% -107%, and the RSD values were in the range of 0.6% -7.1%. Consequently, acceptable linearity, recovery rates, and RSD values were obtained for all substances, suggesting that these methods are reliable for accurate quantitative determination of the amounts of these volatile substances in ABS toys, thermoplastic elastomer toys, and rubber toys.
The residual levels of volatile substances in ABS toys, are listed in Table 4 , which shows that styrene and ethylbenzene have significantly higher residual levels than the other substances. In particular, styrene and ethylbenzene were detected in all ABS toy samples at evels of 6.1 -1200 and 71 -2600 μg/g, and the substance l with the next highest residual levels was toluene, which was detected in all samples at 0.38 -590 μg/g. The residual levels of 4-vinyl-1-cyclohexene, isopropylbenzene, and methylmethacrylate were over 100 μg/g in some samples, whereas those of most other volatile substances were below 50 μg/g. The total residual levels of the five volatile substances regulated in Japan, toluene, ethylbenzene, styrene, isopropylbenzene, and propylbenzene, were 330 -4520 μg/g (average 2610 μg/g) in 2004-2006 [6] , while in this study they were 100 -2900 μg/g (average 1100 μg/g), which is a statistically significant difference. Thus, the residual levels of volatile substances in the recently produced commercially available ABS toys are lower than before. The residual levels of volatile substances in thermoplastic elastomer toys and rubber toys are shown in Table 5 , which represents the first reported data for these types of toys. In thermoplastic elastomer toys, xylene, styrene, ethylbenzene, toluene, α-methylstyrene, acrylonitrile, and 1-octene were detected at levels of 0.2 -1.4, 0.2 -0.5, 0.2 -0.4, 0.3, 0.3, 0.2, and 0.2 μg/g, respectively. In styrene rubber toys, only xylene was detected at level of 1.2 μg/g from one sample. The residual levels of volatile substances detected in thermoplastic elastomer toys and rubber toys were much lower than those detected in ABS toys.
Determination of Amount of Migration of Volatile Substances from ABS Toys
To prevent these volatile substances from volatilizing from the solution after migration, the migration test was performed in a hermetically sealed HS vial, and the vial was analyzed using HS-GC/MS. To assess the linearity, calibration curves were constructed using water as the solvent. Good linearity was achieved over the concentration range of 3 -250 ng/mL for acrylonitrile and methylmethacrylate and over the concentration range of 1 -250 ng/mL for other volatile substances. The correlation coefficients R 2 for all volatile substances were >0.997. The LOQs for the amounts of volatile substances migrated from ABS toys were estimated to be 3 ng/mL for acrylonitrile and methylmethacrylate and 1 ng/mL for other volatile substances.
The migration tests were conducted on 10 ABS samples in which the residual levels of volatile substances were especially high. The amounts of volatile substances that migrated from these ABS samples into water at 40˚C for 30 min are shown in Table 6 . The styrene, ethylbenzene, methylmethacrylate, and acrylonitrile migrated in amounts of 7 -40 ng/mL from 9 samples, 3 -26 ng/mL from 4 samples, 8 ng/mL from 2 samples, and 3 ng/mL from 1 sample, respectively. It has been suggested that volatile substances can easily migrate from cut edges of ABS samples [11] , which might explain these detected volatile substances. It should also be noted that these detected volatile substances might have migrated into the water via methanol from the samples, since trace levels of the methanol used as a solvent for the internal 
